Western Kentucky University

TopSCHOLAR®
Masters Theses & Specialist Projects

Graduate School

5-2022

Real-Time Monitoring of Paraquat Photodegradation Using
Colloidal Gold Surface Enhanced Raman Spectroscopy
Nathan Wilson
nathan.wilson659@topper.wku.edu

Follow this and additional works at: https://digitalcommons.wku.edu/theses
Part of the Analytical Chemistry Commons, Materials Chemistry Commons, and the Physical
Chemistry Commons

Recommended Citation
Wilson, Nathan, "Real-Time Monitoring of Paraquat Photodegradation Using Colloidal Gold Surface
Enhanced Raman Spectroscopy" (2022). Masters Theses & Specialist Projects. Paper 3546.
https://digitalcommons.wku.edu/theses/3546

This Thesis is brought to you for free and open access by TopSCHOLAR®. It has been accepted for inclusion in
Masters Theses & Specialist Projects by an authorized administrator of TopSCHOLAR®. For more information,
please contact topscholar@wku.edu.

REAL-TIME MONITORING OF PARAQUAT PHOTODEGRADATION USING
COLLOIDAL GOLD SURFACE ENHANCED RAMAN SPECTROSCOPY

A Thesis submitted in partial fulfillment
of the requirement for the degree
Master of Science

Department of Chemistry
Western Kentucky University
Bowling Green, Kentucky

By
Nathan Wilson
May, 2022

REAL-TIME MONITORING OF PARAQUAT PHOTODEGRADATION USING
COLLOIDAL GOLD SURFACE ENHANCED RAMAN SPECTROSCOPY

March 30, 2022
Defense Date
Dr. Matthew Nee
Committee Chair
Dr. Eric Conte
Committee Member
Dr. Jeremy Maddox
Committee Member

Ranjit T. Koodali
_________________________________________
Associate Provost for Research & Graduate Education

ABSTRACT
REAL-TIME MONITORING OF PARAQUAT PHOTODEGRADATION USING
COLLOIDAL GOLD SURFACE ENHANCED RAMAN SPECTROSCOPY
Monitoring chemical reactions in aqueous solution is a challenge because most
instrumental techniques either are not suited for the rapid timescales, are not sensitive enough to
detect products at low concentrations, or do not have sufficient structure-to-spectrum
relationships. Raman spectroscopy is a promising method to monitor reactions, as it is fast,
dependent on chemical structure, and has little interference from water. However, Raman
scattering is generally very weak. Surface-enhanced Raman spectroscopy (SERS) improves the
signal strength of Raman spectroscopy by using a metal surface plasmon, or oscillation of the
surface’s electrons, to allow for highly selective and sensitive detection and characterization of
analyte molecules. An aqueous colloid of partially aggregated gold nanoparticles is an accessible
substrate for generating plasmons necessary for SERS. The analyte is adsorbed to the
nanoparticles, initiating aggregation. A surfactant (sodium dodecyl sulfate) is added at an
optimal time to arrest aggregation, leading to a highly stable substrate. Because of this, SERS
enhancement is present over multiple hours under powerful UV light. As peaks in the Raman
spectra evolve, structural changes can be detected. Paraquat, a common yet dangerous herbicide
that is banned in the UK, China, Brazil, and many other countries, was monitored with SERS in
real time as it degrades when exposed to intense light, analogous to sunlight. The
photodegradation products have not been well characterized in the past, but methylpyridinium is
expected. A reaction mechanism and kinetics can then be determined for this reaction. Gathering
better data about paraquat and its degradation in the environment may help users apply or
sequester paraquat to minimize harm to humans and the ecosystem.
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Chapter I: Introduction
Real-time (RT) chemical reaction monitoring is a valuable tool to elucidate mechanisms
and kinetics of small scale reactions and maintain and optimize reactions at the industrial scale.
1.1

Choosing a reaction monitoring technique
Unlike traditional sample determination, which typically only involves analysis at the end

of a reaction, RT monitoring requires continuous or near continuous sampling over minutes or
hours to monitor the change of reactant to product.
1.1.1

Sampling methods
There are three main sampling methods for RT reaction monitoring in solution, and each

involves quantitatively or qualitatively plotting the change of the reactant and formation of
product over time. They differ by sampling method; in situ monitoring has the reaction fully
contained within a vessel that is actively being monitored, on-line monitoring uses tubing to
bring fluid from the reaction vessel to the instrument, and off-line monitoring has direct user
sampling to bring material from the reaction vessel to the instrument. 1 Each has unique
drawbacks: in situ can be limited based on the instrument, as some instruments require a volume
too small for stirring or heating to be applied, on-line can introduce flow related errors such as
sampling biases (turbulent flow in the monitoring chamber, bubbles), and off-line has a
significant sample delay and potential reproducibility issues.
1.1.2

Common analytical instruments
Based on the analyte and reaction rate, several possible analytical techniques are possible.

The most commonly used instruments for reaction monitoring include infrared (IR)
spectroscopy2, ultraviolet-visible (UV-Vis) spectroscopy3, nuclear magnetic resonance (NMR)
spectroscopy4, and gas or liquid chromatography (GC or LC) coupled to a mass spectrometer
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(MS), UV-Vis, NMR, or other detectors.5–8 Briefly, the analyte in question is paraquat, a
quaternary ammonium (QAC) dianion salt, and the reaction of interest is photodegradation by
UV radiation in aqueous solution, which is expected to occur slowly over multiple hours.
Because of the structure-to-spectrum correlation necessary to monitor the above reaction,
UV-Vis spectroscopy is not sufficient, as spectra for many molecules typically have only one or
two peaks with widths at half maximum of more than 50 nm. IR spectroscopy would be
inefficient for use with an aqueous solution. Water has high background interference above 1600
cm-1 in IR due to the wide and strong O-H stretch absorption peak. 9 Steps could be taken to
mitigate the solvent interference, including a very short path length, but tradeoffs in detection
limits occur.10
1

H-NMR spectroscopy traditionally is not favorable to aqueous solutions due to solvent

interference, but methods have long been known to avoid this issue. 11,12 NMR provides sufficient
structure-to-spectrum correlation and fast scan times of less than a millisecond for monitoring
reactions, but such a powerful instrument to acquire the products of paraquat’s slow degradation
and resolve them from paraquat’s peaks is currently highly costly to obtain and maintain. 13
Oxidation products containing aldehydes and carboxylic acids would be expected to have a
chemical shift greater than the shifts of paraquat, meaning some products would possibly be
detected with a less powerful instrument.14 However, this is insufficient structural information,
and NMR could only serve as a supplemental source for the primary technique to be chosen.
With chromatography-based techniques, there are multiple limitations. The highest
performing LC and GC instruments struggle to achieve high resolutions at less than 20 second
run times. GC is not advisable due to the low volatility of paraquat (and other QACs), and it
must be reacted to another form using acid/base chemistry, eliminating the ability for RT
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monitoring.15,16 On-line or off-line LC-MS could provide some information about an ongoing
reaction, though kinetic studies would be limited. Due to cost and a desire to determine the
kinetics and any short-lived intermediates, LC is insufficient.
Another potential technique is Raman spectroscopy, which is similar to IR spectroscopy
in that structural information can be gathered via excitation of certain vibrational modes of the
molecule. Raman is different from IR because of the low water signal caused by selection rules
governing which vibrational modes are active; IR active modes must have a change in the dipole
moment of the molecule, while, for Raman, they require a change in polarizability. Raman is
often used for aqueous solutions instead of IR due to the lack of solvent interference. 17 Multiple
Raman spectra can be gathered per second if necessary but with unsatisfactory signal-to-noise
(S/N) ratios at fast scan rates on all but the highest-end instruments. Practically, with readily
available instrumentation, spectra can be gathered every 10 seconds, which may allow for short
lived intermediates to be detected. Because of the structure-to-spectrum correlation, low solvent
interference, fast scan rates, and accessibility, Raman spectroscopy was pursued as the RT
monitoring method for paraquat photodegradation.18–20
1.2

Raman spectroscopy overview
Raman scattering occurs when an incident photon is absorbed by a molecule and then

emitted with a different energy. This is a form of inelastic scattering and is in contrast to
Rayleigh scattering, which is elastic (incident and ejected photon have the same energy). Raman
scattering is specifically inelastic scattering where the molecule is excited to what can be thought
of as a virtual state. In this case, the virtual state is an intermediate state arising from perturbation
theory and is not an eigenstate of the Hamiltonian; therefore, it is a forbidden transition and does
not exist.21,22 In practical terms, this means the excitation source can have an energy that does not
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match the energy of any excited state of the molecule. There are two forms of Raman scattering:
Stokes and anti-Stokes. Stokes occurs when a molecule is excited from the ground state, and the
molecule relaxes to an excited vibrational state. Anti-Stokes occurs when the molecule is excited
from an already excited state and relaxes to a lower energy state than the starting state. In both
cases, the difference in energy of the incident and scattered photons (termed the Raman shift)
corresponds to the energy of a vibrational state of the molecule. This energy is quantized,
allowing for specific vibrational modes of the molecule to be detected as peaks in intensity vs.
energy.23 Conventionally, intensity is plotted in arbitrary units, and energy is shown as
wavenumbers (usually in cm-1). Due to anti-Stokes requiring the molecule to already be in the
excited state, it occurs much less often at room temperature in accordance with the Boltzmann
distribution.24 Typically, only Stokes scattering information is gathered because the signal
intensity is much higher, and as such, wavenumbers plotted are positive. A typical Raman plot
can be seen in Figure 1.1. Usually, only the wavenumber range from around 400-1800 cm -1 is
shown, with this known as the fingerprint region. Below this range, some spectrometers cannot
effectively filter the strong Rayleigh signal, and any relevant Raman information is lost. Bonds
involving heavier atoms like chlorine and transition metals are in this region, meaning it is only
an important consideration in certain cases. Above this range, there in general are less Raman
active vibrational modes with the notable exception of C-H, N-H, and O-H vibrations at and
above 3000 cm-1.
Fluorescent spectroscopy also involves an inelastic transfer of energy from photons to a
molecule but with only real excited states. This means that if the incident light has an energy
close to a real excited state, fluorescence interference can obscure the Raman signal. 25–27 The
most common way to mitigate fluorescent interference is the choice of wavelength for the
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Figure 1.1. Typical Raman spectrum showing intensity vs. Raman shift. In this case, intensity is
in the arbitrary unit “counts,” and Raman shift in cm -1. Typically, only the fingerprint region
(around 400-1800 cm-1), where most vibrational modes occur, is plotted, as seen here. Likewise,
here is also shown a common practice of translating Raman spectra up or down in intensity to
prevent overlap and increase visual clarity when multiple plots are shown on the same spectrum.
It is communicated when this is done if relative intensities of peaks across different spectra are
relevant. Here, three plots are shown, N, D, and C, corresponding to different samples of human
laryngeal tissue. Reproduced from Ref. 28.
incident photons.29,30 Laser light is used to have a monochromatic source concentrated in a small
cross-sectional area, and the most common wavelength for general purpose instruments is 785
nm, falling in the near IR region. This wavelength is chosen mainly because it provides a balance
between scattering intensity, which is inversely proportional to the fourth power of the incident
wavelength, and minimizing fluorescent interference, which for most organic samples occurs in
the UV-Vis region.31,32 Alongside the potential issue of fluorescence is the problem of the weak
intensity of spontaneous Raman scattering (spontaneous as in Raman spectroscopy without
signal enhancement from either a metal surface, resonance effects, nonlinear coherent
enhancement, etc.). It is experimentally observed that only about one in one million emitted
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photons will be Raman scattered, with the rest being Rayleigh scattered. 33,34 This means special
filters are required to cut out the strong elastic signal, and the overall Raman intensity will be too
low for most applications.
1.3

Surface-enhanced Raman spectroscopy
The weak intensity of spontaneous Raman scattering for most samples necessitates the

enhancement of signal, with the most common and most powerful method being surface
enhancement. Surface-enhanced Raman spectroscopy (SERS) is able to offer enhancement
factors (EF) of 1011, with median EFs around 106, as calculated with the formula35,36:

𝐸𝐹 =

×
×

(1).

Here, I is arbitrary intensity of a given peak, with either the most characteristic peak for the
analyte or the largest relevant peak chosen.23,32 To compare intensities of spectra gathered with
SERS to spontaneous Raman as the equation requires, either an internal standard of constant
concentration or the ratio of the intensities of multiple peaks can be used to create an absolute
measure of intensity. N is the number of analyte molecules being probed, with this being defined
by the cross-sectional area of the laser light, its penetration into the sample, and the analyte
concentration. EF values are calculated for SERS substrates to compare efficacy across
experiments, though direct comparisons cannot always be made if analytes used respond
differently to the SERS effect.35 Also, certain characteristics cannot be shown through such a
metric. Quantitative measures—like time, heat, and pH stability—are not communicated through
EF alone, nor are qualitative considerations like ease of fabrication and sample preparation.
Crafting an effective SERS substrate is always more time and cost intensive than using
spontaneous Raman, which can have very simple or no substrates entirely, but the potential that
SERS offers makes it a valuable tool. Limits of detection of single molecules have been
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obtained, and nanomolar analyte concentrations are often obtainable with most substrates. This
can be required when monitoring reactions due to the low concentrations of product formed over
time.37
1.3.1

SERS mechanism
There are three main types of substrates used for SERS: metal surfaces, immobilized

nanostructures, and colloidal nanostructures.38 Each has benefits and drawbacks, but they all
function via the same mechanisms which give rise to the SERS effect. The first and most
important is the electromagnetic (EM) mechanism which arises when the analyte is adsorbed to
or near a metal surface. This surface can be a bulk material if roughened at the nanoscale, or it
can be a nanoparticle (NP). Incident light hitting the metal will lead to localized surface plasmon
resonance, or quantized oscillations of the surface electron density. When there is another nearby
metal surface, as is the case for effective SERS substrates, the nearby metal will influence the
position of the plasmon resonance to localized “hot-spots” where the electric field experienced is
greatly increased. Raman intensity is proportional to the fourth power of the ratio between the
induced electric field and the incident field. As the electric field experienced by analyte
molecules in hot-spots is increased, Raman scattering intensity is increased. 36,39
The second most important mechanism is the chemical mechanism, which involves
intramolecular and intermolecular electron transfer between the metal and the analyte. These
charge transfers can happen in the ground or excited states and result in an increase in
polarizability of the analyte, leading to Raman enhancement. Compared to not being adsorbed to
a SERS substrate, the chemical mechanism may lead to changes in analyte reactions of interest;
this should be taken into consideration. The EM mechanism is responsible for 10 4 more
enhancement than the chemical mechanism, as demonstrated in theoretical calculations with the
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EM mechanism alone provides EFs of 106, while the chemical mechanism accounts for EFs of
102 (though this can vary based on the analyte).40,41
1.3.2

SERS substrates
In practice, the two mechanisms mean that the exact structure of the substrate is critically

important, with formation of hot-spots and type of metal being primary concerns. 42,43 Silver is
most common because it leads to the highest EM enhancement, but it is less inert than gold, the
second most widely used metal. For studies requiring high heat or pH stability, gold performs
better than silver unless special precautions are made like an inert atmosphere or a monolayer
coating of gold around the silver structure.44–46
Regardless of the metal, the three main forms of substrates each generate hot-spots in
different ways. A metal surface will often have nanoscale abrasions, holes, or pillars crafted on
the surface to create hot-spots. A key benefit of this substrate type is reproducibility, assuming
substrates are crafted with high quality materials. A downside is cost and accessibility, though
commercially purchasable substrates are continuing to perform better every year. 47,48 The second
type of substrate, immobilized nanostructures, involves synthesizing a nanomaterial such as
nanospheres, nanostars, or metal encapsulated NPs. These are then immobilized to a surface such
as graphene, glass, or paper. These substrates can have poor reproducibility across multiple
fabrications due to the chaotic nature of immobilization and imperfections in the materials, but
they are superior in terms of long term storage and durability over many months. 48,49
The third kind of substrate is colloidal nanostructures. These are easiest to produce as no
surface is needed, but the NPs must be modified to form hot-spots in which analyte can be found.
NP colloids are inherently unstable due to high surface energy and reactivity, leading to
spontaneous aggregation over time.50,51 With proper capping with a surfactant like 11-
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mercaptoundecanoic acid or charged species like citrate (the most common cap in literature) 52,
NP colloids can be somewhat shelf-stable, with slow sedimentation occurring over multiple
weeks; such spontaneous aggregation is undesirable and uncontrollable. Initiated aggregation is
achieved by modifying the surface energies to cause instability. With citrate-capped NPs, the
introduction of a charged species will initiate aggregation as the NP surface charges are
modified. Analytes adsorbed to or nearby the aggregating NPs can then be located in the newly
formed hot-spots between NPs. It should be noted that other capping agents such as polyethylene
glycol and branched polyethyleneimine can be used for stability in the presence of salts,
indicating mixed capping agent NP colloids could allow for tunable aggregation rates. 53
1.3.3

A simple SERS substrate
With a desire for accessibility and ease-of-use, gold is the metal of choice for NP

synthesis as well as citrate as the reducing and capping agent. Method development can be
simplified if the analyte of interest is also the aggregating agent, as the analyte will
spontaneously adsorb the NPs and lead to hot-spot formation in the vicinity. Such a method is
perhaps the simplest fabrication of a substrate achievable through NP colloids. 54–56 This style of
substrate is much less used than immobilization, and, according to a broad literature search, it
does not seem to have yet been used for multi-hour reaction monitoring. This could be due to
concerns about long-term stability.
A major drawback of the method is the necessity of optimization. This is due to the
differing aggregation rates of different analytes, as aggregation rate is related to charge,
functional groups, and overall adsorption rates onto the NPs. 57,58 Since every analyte will
aggregate differently, each experimental procedure with a new analyte will need to be modified
through multiple trials to achieve acceptable EF values over time. Any aggregation technique
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without immobilization on a surface will require the addition of a capping agent, typically a
surfactant, to stabilize the NPs from further aggregating and settling out of phase. 59 Introduction
of this surfactant ideally halts aggregation, so the size and shape of the aggregates at the time of
stabilization is crucial to control for optimal SERS enhancement and reproducibility across trials.
With optimal aggregation and stabilization procedures, the SERS substrate can be used for
reaction monitoring over multiple hours.
1.3.4

Nanoparticle aggregation monitoring
UV-Vis spectroscopy can be used to monitor NP aggregation, both with citrate-capped

particles and semi-aggregated particles.60 According to the simplified quantum mechanical
model of the “1D particle-in-a-box,” energy of a given state of the NP is given in the equation:

𝐸 =

(2)

Thus, En, allowable energy states of an electron, is inversely proportional to the square of the
length of the box, the box in this case being the size of the nanoparticle. 61 Therefore, absorption
wavelength, which is inversely proportional to energy, is proportional to the size of the
nanoparticles. This allows for UV-Vis spectroscopy to help in characterization of the size and
distribution of the synthesized NP colloid as well as the salt-induced aggregates. 62 The particlein-a-box model also explains the apparent blue-shift of NP colloids as they aggregate. As the
particles become larger, they absorb longer wavelengths, leading to shorter wavelengths being
scattered away from the sample in a higher proportion. This can be used for quantitative and
qualitative colorimetric analyses and visual feedback of aggregation.
1.4

Paraquat
The substrate aggregation method is limited to ionic analytes. In the past, the SERS

substrate has been used for rhodamine 6G (R6G) reaction monitoring. 63 Environmental
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protection being a key concern, potential wastewater pollutants were considered. The dicationic
herbicide paraquat, also known as methyl viologen and the trade names Gramoxone, Parazone®,
and Quick-Quat™, is a non-selective, widely used herbicide in the United States and other
countries and is of potential concern.64
1.4.1

Problems with paraquat
Paraquat use is controversial due to its high toxicity: it has an LD 50 in humans of 3-5

mg/kg in humans, and workers who dispense paraquat have a 2.5 times greater risk of
developing Parkinson’s disease.65 In comparison, the LD50 of the most widely used herbicide,
glyphosate, or Roundup, has no adverse effects in rabbits at 50 mg/kg per day. 66 Paraquat is used
despite its toxicity because it can kill plants that have become immune to other herbicides. 67
Only licensed applicators can dispense paraquat, according to Environmental Protection Agency
regulations. Paraquat is partially inactivated when in contact with soil, but it can be washed away
with rain if not applied properly. This is more often the case in lower GDP per capita regions. In
Vietnam, for example, wastewater samples from five villages were found to have an average
paraquat concentration of 30 μg/L.68 Available environmental paraquat concentrations found in
the literature can be seen in Table 1.1. The European Union (EU) sets a safe maximum
Average
concentration

Highest
concentration

Location

Year

Ref.

N/A

6.9 μg/L

2007

71

5.4 μg/L
0.075 μg/L

87.0 μg/L
0.279 μg/L

2012
2012

72
73

0.01 μg/L
30.69 μg/L

3.10 μg/L
134.08 μg/L

Kerian District,
Malaysia
Thailand
Mountainous
region of Rio de
Janeiro
Valencia, Spain
Mai Chau, Vietnam

1996
2016

74
68

Table 1.1. Compilation of available studies in the literature investigating paraquat concentration
in wastewater samples. 1 μg/L paraquat is about 4 nM.
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concentration of 0.1 μg/L in drinking water and 1–3 μg/L for ecological waters. 69 The World
Health Organization sets an advisory limit for drinking water at 10 μg/L. 70 Due to the risks of
human and ecological exposure to paraquat, the EU banned paraquat in 2007, China in 2016, and
Brazil in 2020; it is also banned in over 20 other countries with smaller agricultural sectors. 70
1.4.2

Paraquat degradation
Paraquat can be degraded by certain microorganisms by a still unelucidated pathway, but

chemical breakdown of paraquat is instigated by UV radiation or oxidation. 64 It has been found
that UV radiation will degrade about 9% of paraquat (20 mg/L, aqueous) after 4 hours of
exposure.75 Exact amount of UV exposure is difficult to quantify without extensive information
about procedures and materials used; predictions cannot be made for other experiments with
different UV sources. However, in general, it can be said that paraquat is relatively photostable. 64
When considering environmental remediation, a photocatalyst such as titanium dioxide is used to
greatly increase the photodegradation of paraquat. Results vary based on the catalyst, but up to
100% paraquat degradation has been observed after 3 hours under UV light. 76 For reaction
monitoring to determine kinetics and mechanisms, the use of a photocatalyst would disrupt the
kinetics of the reaction and potentially also the mechanisms. Paraquat in wastewater is not
thought to be exposed to effective photocatalysts. To better replicate the natural conditions in
which paraquat would degrade under UV light from the sun, no photocatalyst should be used.
The mechanism for photodegradation or oxidation of paraquat is not well understood, and
no published research has provided definitive results. 64 Intermediate products of 4-carboxy-1methylpyridinium and monoquat have been reported, but that is the extent of current knowledge
from experiments.64,76,77 The structures of possible degradation products as well as paraquat can
be seen in Figure 1.2.
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Chart 1.1. Molecular structure of paraquat alongside possible degradation products: a) paraquat,
with positive charges on both nitrogens; b) monoquat with only one charged nitrogen; c)
methylpyridinium, which is similar to monoquat but with loss of the pyridine moiety; d) 4carboxy-1-methylpyridinium, the only molecule depicted containing oxygen.
It is hypothesized that the use of a sensitive, easily-synthesized, and durable SERS
substrate will allow for monitoring of paraquat degrading under UV into the primary product
methylpyridinium, that the SERS substrate will be able to detect this product formation in real
time through an increase in the intensity of one or more characteristic vibrational mode peaks
associated with the product, and that this information can be used to determine reaction kinetics
and potential mechanisms to better understand what is formed in the ecosystem when paraquat
naturally degrades.

13

Chapter II: Methods and Substrate Characterization
For paraquat photodegradation monitoring using SERS, a semi-aggregated Au NP
substrate was synthesized, characterized, and optimized. The reaction monitoring setup,
computational predictions, and data analysis methods are discussed here as well. All chemicals
were purchased from Sigma-Aldrich unless otherwise noted.
2.1

Semi-aggregated nanoparticle colloid as substrate
The SERS substrate consists of three parts: citrate-capped Au NPs, an aggregating agent,

and a stabilizing agent. The Au NPs were synthesized with a citrate reduction method pioneered
by Turkevich and later refined.78,79 The desired size of the NPs is about 30 nm, and the NP size
can be controlled by the ratio of citrate to gold, with less citrate producing larger NPs. 80 A past
synthesis from the Nee research group with a known NP diameter of about 30 nm was recreated.
120 mg chloroauric acid trihydrate (HAuCl 4·3H2O, ≥ 99.9%) were dissolved in 250 mL of
deionized water (DIW) in a round bottom flask. The flask was placed on a sand bath, connected
to a reflux condenser, and allowed to reach a steady boil. At this point, 25 mL of 1% by mass
sodium citrate (Na3C6H5O7, > 99.0%) in aqueous solution was pipetted into the flask. The light
yellow solution turned almost colorless after a few seconds, stopped boiling, and then quickly
became a dark red. The solution was refluxed for an additional hour then allowed to reach room
temperature.
The citrate reduction method produces NPs with low dispersity (small diameter standard
deviation) and high roundness while being a simple synthesis to carry out. The resulting colloid
is also stable for roughly three months, at which point the amount of aggregated NPs that have
fallen out of solution results in noticeably different experimental results. Overall SERS intensity
is significantly less than a newly synthesized colloid.
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2.1.1

Aggregation with a salt
The NPs need to be partially aggregated to serve as a SERS substrate, and an aggregating

agent in the form of a salt must be introduced. In theory, almost any salt will lead to NP
aggregation, which allows for a wide variety of compounds to be used. 81 As the substrate is most
effective when the analyte and the aggregating agent are the same, it is best to choose an ionic
analyte. In future work, aggregation of a neutral species alongside a Raman inactive salt like
sodium chloride could be explored. Initial testing of this method did not yield acceptable spectra
for caffeine alongside potassium chloride (KCl), with only a single low intensity caffeine peak
(identified via comparison to a spontaneous Raman spectrum). Extensive method development
would be required for successful spectral acquisition, which is outside the scope of this work.
This is a contributing reason why paraquat, which has a 2+ charge on the analyte, was chosen for
this experiment. Specifically, paraquat dichloride hydrate (C 12H14Cl2N2·xH2O, ≥ 98.0%) was
used as the analyte and aggregating agent for these experiments, meaning the degree of
aggregation was associated with the amount of paraquat added. Continual stirring in a 30 mL
beaker was applied during synthesis, and a constant volume of 10.0 mL Au NP colloid was used.
For every trial, the amount of paraquat added was sufficient to result in a visual color change of
the NPs from dark red to dark purple, and enhanced Raman signal was detected associated with
SERS. The optimized amount was found to be 1000 μL of 0.0010 M (1.0 mM) paraquat. Details
of the substrate optimization procedure can be found in section 2.2. Concentrations were
calculated assuming a monohydrate form, though it is only known that the overall sample is less
than a trihydrate.
Spectra of methylpyridinium iodide (C6H8IN, > 97.0%) were also gathered in a similar
manner as with paraquat, though concentration and volume were modified when the analyte was
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found to have less aggregating power than paraquat. Methylpyridinium was the only potential
degradation product studied because it was hypothesized to be most likely to have good SERS
signal, and it is widely available.
2.1.1

Stabilization with a surfactant
With the addition of the aggregating agent, the NPs continue to aggregate until a critical

size is reached, and they fall out of solution. To maintain a stable colloid over the course of a
three hour trial, an arresting agent is required, which will inhibit further aggregation. 82 The
surfactant sodium dodecyl sulfate (SDS, NaC12H25SO4, > 99.0%) was used to create a partiallyaggregated substrate. To the colloid was added 800 μL of 46 mM SDS eight seconds after the
introduction of paraquat, with this time and SDS amount found to be optimal for paraquat
specifically. Monitoring of peak areas over time was done to determine substrate stability.
2.1.2 Addition of an internal standard
The addition of an internal standard to help with quantitative and qualitative analysis was
considered. Carbon disulfide (CS2, > 99%) was chosen as the leading candidate because it is
strongly Raman active, it has only one Raman active peak, the peak does not overlap with any of
paraquat’s peaks, and it is somewhat water soluble.83,84 Only a small amount of 230 μL CS2 was
added, meaning the substrate’s concentration was not meaningfully altered. No other promising
candidates were tested.
2.2

Substrate characterization and optimization with UV-Vis and TEM
Characterization of the NP and synthesized substrate was done using a UV-Vis

spectrometer (Shimadzu UV-2600) and transmission electron microscope (TEM, JEOL JEM1400Plus). The exact aggregation and arrestation synthesis parameters were optimized
experimentally with UV-Vis as well. The range between undesirable noise levels for the UV-Vis
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instrument is 300-850 nm, and 400-800 nm was chosen to probe every sample. A 1.0 nm
resolution, medium scan speed (1.25 min scan time), and 2.0 nm slit width were used, as they are
the default settings and acquire sufficiently precise data for this project. All samples were placed
in 1 cm wide quartz cuvettes. To avoid issues with nonlinear absorption effects, all samples were
diluted to roughly one fifth concentration using DIW, with all absorbances found to be below
1.6. For simplicity, all samples were diluted in a 50 mL volumetric flask with an additional 10
mL DIW added. Accordingly, concentrations of solutions were not equal across all trials, so
absolute absorbance could not be used to optimize the substrate.
TEM samples were prepared by first coating a TEM copper grid with a polyvinyl formal,
or Formvar, then a small amount of sample was dripped on top. This set for three minutes, and
an undried sample was wicked away using filter paper. An electron acceleration voltage of 80 kV
was used.
2.2.1 UV-Vis characterization of NPs and substrate
The NP colloid was first characterized using UV-Vis, as the wavelength of highest
absorption, λmax, and width of the absorption peak is related to the diameter and dispersity. Seen
in Figure 2.2, the Au NP colloid alone (black line, third highest absorption peak as plotted at
arbitrary absorbance) has a λmax at 524 nm (referred to as the colloid peak), which is comparable
to previous syntheses done by the Nee group.63 With paraquat as the aggregating agent, a wide
plasmon peak is detected, peaking around 760 nm, and absorbance across the spectrum becomes
stronger. The stabilized colloid retains the plasmon peak over one hour, while the unstabilized
condition loses the plasmon peak. Loss of the plasmon is indicative of the aggregating process
continuing without addition of SDS, leading to overaggregation and sedimentation.
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Figure 2.2. UV-Visual spectrometry results indicating successful SERS substrate
synthesis. Absorbance values are unmodified from the instrument output, but concentrations varied
slightly between samples containing Au colloid. All Au colloid samples were diluted to one fifth
concentration. SERS substrate was not optimized at the time of this data collection, with 800 µL
of 33 mM SDS injected two seconds after the addition of 800 µL of 1.0 mM paraquat into the
colloid. The unstabilized condition refers to no addition of SDS. Paraquat alone was measured at
1.0 mM. Samples taken after one hour were briefly stirred to disturb any sedimentation.
2.2.2 UV-Vis optimization of substrate
Initial Raman spectra indicated the substrate could be optimized, as the signal decayed a
substantial amount over two hours. A procedure optimized for monitoring R6G was being used,
with 400 µL of 4 mM analyte and 800 µL of 40 mM SDS added immediately after the analyte. 63
It was found paraquat aggregates NPs substantially slower than R6G. Optimization of the
substrate was done for the variables: paraquat volume and concentration, SDS volume and
concentration, stirring amount, and time allowed for aggregation. In total, 61 separate trials were
conducted. Values tested for each variable can be seen in Table 2.1. Because it was not feasible
to test every possible permutation of variables (5,832 total combinations), to reduce the
workload, variables were isolated and optimized independently at first, and then select
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combinations were tested to find an overall best performing synthesis. Because of this, it is
unlikely a truly optimal substrate was synthesized; however, there does not seem to be a great
benefit in expending effort to optimize further because the substrate synthesized met
expectations, and diminishing returns are expected for incrementally optimized substrates.
Variable
Paraquat vol
(μL)
Paraquat conc
(mM)
SDS vol (μL)
SDS conc (mM)
Stirring (RPM)
Time allowed
for aggregation
(sec)

Values
tested
400, 600,
800,1000,
1400, 2000
0.5, 1.0, 2.2,
3.6
400, 800,
1200
33, 46, 100
15, ~150,
~500
0.25, 2, 4, 6,
8, 10, 15, 30,
120

Optimized
value
1000

UV-Vis was used instead of a Raman
spectrometer for speed and easier data
analysis; there is also a correlation between

1.0

the UV-Vis substrate data and Raman

800

spectrometer output. As will be shown in

46
~150

section 3.1.1., substrates with higher peak

8

area ratios of the plasmon peak to the colloid
peak (plasmon:colloid ratio) have lower

Table 2.1. UV-Vis optimization of variables
with given tested values. The optimized values
is given as well. Vol and conc are short for
volume and concentration, respectively.

signal-to-noise ratios and greater paraquat
peak intensities for Raman. This is because

having a larger area of the plasmon peak compared to the colloid peak indicates more NPs have
become aggregated to the correct configuration and can lead to the SERS effect.
2.2.3 TEM characterization
Though UV-Vis can give some information about the NP colloid, the TEM is best used to
calculate an average and standard deviation of the NP diameter and determine roundness. Images
were gathered via the WKU TEM of several representative locations across a dried layer of the
NP colloid. Select unmodified images can be seen in Figure 2.1. Images were then modified in
Adobe Photoshop to increase contrast and turn purely black and white, as the ImageJ
software used can only interpret pixel of binary color values. All overlapping NPs were erased in
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b)

a)

c)

Figure 2.1. TEM images for characterization of NPs. Appropriate scale provided for each image
below, with a) showing unaggregated Au NPs dried directly from the synthesized colloid, b) the
partially aggregated NPs dried in the same manner, and c) overaggregation of the NPs in a large
clump. Image c) reproduced with alteration from Ref. 63.
the unaggregated condition allowing for ImageJ to automatically calculate the sizes of the NPs.
For the unaggregated NPs, the average size was 29 ± 3 nm for the 500 NPs imaged. The partially
aggregated condition was imaged as well, though less extensively, and the clumps were found to
be about 10-60 NPs across and varied much more in size and shape. Overaggregated particles
were visible with the unaided eye, meaning TEM was not needed for characterization, though
they were observed without any images gathered. An image from a previous project with a
similar synthesis procedure is shown for the overaggregated condition.
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2.2.4

Paraquat characterization with IR
The paraquat used as the analyte and aggregating agent was characterized with a

PerkinElmer FT-IR spectrometer to ensure it was not degraded. As half of all trials were done
with a sample of paraquat purchased at an unknown point in the past, and the other half were
done with paraquat purchased recently, it was necessary to ensure the older sample had not
degraded over time. IR spectra of both samples with 16 accumulations and 4 cm -1 resolution
were taken with spectral averaging and compared to paraquat spectra from the literature. 85,86
Figure 2.3 shows both spectra in
full. The experimental spectra
matched one another and matched
the literature with identical peaks
near 3000 cm-1 corresponding to sp2
and sp3 C-H stretching and C=N
Figure 2.3. IR spectra taken of an older sample of
paraquat and a newer sample. The newer sample is
offset by 9% for visual clarity. An R2 of 0.993 was
given by the instrument.

stretching at 1650 cm-1. The broad
peak near 3340 cm-1 is likely from
the OH stretch of water, as the

paraquat is in a hydrated form. They matched each other with an R 2 of 0.993, as given by the
spectrometer, indicating that they are the same substance.
2.3 Raman reaction monitoring setup
The Raman spectrometer used was the Agiltron Desktop L-Peakseeker with laser
excitation at a fixed 785 nm and power of 300 W. Spectra were taken in the wavenumber range
400-1850 cm-1. Resolution was 1 cm-1, and integration time was 10 s. This means it takes 10 s
for a spectrum to be gathered, though lower than this is possible with a trade-off in increased
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power throughput. The exact UV output of the lamp was not quantified, though the temperature
of the reaction vessel reaches and maintains 45 °C. Initial tests had the power set to 300 W, but
this led to noisier spectra and suboptimal peak intensity loss over time even with an optimized
substrate. Increased noise at 300 W could have been due to a few factors: improper shielding of
radiation reaching the flow cuvette, increased temperature of the system, 87 and more bubbles in
the cuvette (interfere with laser). 160 W was used for all trials moving forward. The vessel was
continually stirred with a stir bar (25 mm x 7.5 mm) and stir plate at roughly 150 RPM.
2.3.1

Predicted SERS spectra peaks
Simulated Raman spectra of paraquat and methylpyridinium were gathered using

Gaussian molecular modeling software. DFT B3LYP 6-311++G(2d,2p) was used for
optimization + frequency. In particular, this was done to predict if methylpyridinium could be
detected from the photodegradation of paraquat by seeing if the Raman spectrum for
methylpyridinium had any significant peaks that did not overlap with paraquat.
Another use of this computational work is the comparison of the computed spectra to the
experimental. For SERS analysis, peak wavenumbers regularly shift up to 30 cm -1 in either
direction from their corresponding spontaneous Raman wavenumber for all types of substrates. 88
Additionally, the adsorption of the analyte molecules to the NPs is expected to change Raman
activity of some vibrational modes, with some peaks perhaps completely disappearing due to a
change in degrees of freedom of the molecule. A spontaneous Raman spectrum using a saturated
solution of paraquat (~2.7 M at 20°C)89 will then be gathered and used to compare the SERS and
simulated spectra. This will indicate which SERS spectrum peaks are being produced by
paraquat and which are produced by other chemicals in the substrate. The peaks are expected to
match both the simulated Raman spectrum and the SERS spectrum, though the exact
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wavenumbers may be different. Because of the high detection limit of spontaneous Raman, it is
possible some vibrational mode peaks will not be visible, leading to the SERS spectrum having
additional peaks not present without signal enhancement. If this occurs, the simulated spectrum
can then be used to indicate if a peak in that region is expected. The simulated work will also
identify which specific vibration is responsible for a peak, and this will inform predictions and
interpretations of results for which peaks decrease in intensity as paraquat degrades.
2.3.2

Data processing and analysis
With the Raman spectra generated from the spectrometer, peak areas over time were

analyzed to determine if a reaction occurred. A large volume of data was generated, and
automatic processing and analysis was done using MATLAB. Code was written to compile
spectra taken over time, measuring designated peak areas over time, normalized ratios, and linear
regressions. The software was used extensively to “clean up” spectra containing errors due to
faulty sensors in the spectrometer that caused sudden and predictable jumps in signal for certain
wavenumbers. These were identified by their artificially massive spikes across 1 to 2 cm -1 and
subsequently averaged out based on the two flanking data points.
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optimizing the time allowed for aggregation are shown for between 4 and 10 s alongside the
unaggregated colloid for reference. Times outside this range are not shown, as their plasmon
peaks were smaller. Other variables were controlled, with paraquat concentration at 1 mM and
volume at 600 μL and SDS concentration at 33 μL and volume at 1200 μL. Normalization of the
UV-Vis spectra at 630 nm, the local minima between absorption peaks, corresponding to the
average isosbestic point across trials, was done at an arbitrary absorbance. This was done to
clearly visually demonstrate the optimization achieved at 8 seconds, as the colloid peak (around
525 nm) has the least area, and the plasmon peak (around 760 nm) has the highest area for the 8 s
condition. The 8 s plasmon:colloid ratio (0.49) was highest, and the stability over time was best
besides 4 s (22.45% plasmon:colloid reduction after 2 h). Any sedimentation accumulated for the
2 h trials was disturbed with brief swirling.
Paraquat and SDS volume and concentration were also optimized. A UV-Vis plot of a
select 8 trials of promising (based on previous optimization trials) synthesis parameters is shown
in Figure 3.3. This plot is similarly normalized at the isosbestic point for visual clarity, and it can
be seen “Trial 4” has the largest plasmon peak area and a low colloid peak area. The parameters
of each trial, including the optimal Trial 4, are shown in Table 3.2. Based on the plasmon:colloid
ratio, it was found 1000 μL of 1 mM paraquat alongside 800 μL 46 mM SDS injected 8 s
afterward was optimal. Not shown are spectra gathered after 2 h, as this information was only
gathered for half the trials. No measured peak ratios decreased more than 25%, and the optimal
synthesis decreased the least of those measured at 16.43%
Not yet mentioned in this chapter, stirring speed played a role in successful substrate
synthesis. 300 RPM (half power on the stir plate) was found to successfully produce working
substrates, but 10 RPM and an RPM just below the rate to cause splashing each led to
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SERS enhancement existed, select UV-Vis trials were analyzed in the Raman spectrometer,
approximately 2 min after the UV-Vis spectrum was gathered. Figure 3.4 shows four trials, trials
2, 4, 6, and 7 from Figure 3.3 that were probed with the Raman spectrometer.
For all trials analyzed with UV-Vis and Raman, Raman peak areas tended to decrease in

a)

b)

Figure 3.4. SERS spectra were taken to probe the correlation between UV-Vis substrate
optimization and Raman signal. a) SERS spectra of trials corresponding to the trials seen in Figure
3.3. Spectra were taken about 2 minutes after UV-Vis spectra were gathered using the standard
settings outlined in Chapter 1. b) The peaks 1647 cm-1 and 842 cm-1 were investigated to compare
Raman peak area to the respective UV-Vis plasmon:colloid ratio. Slope and correlation
coefficients are shown for both wavenumbers, with 1647 cm -1 having a significantly higher slope
than 842 cm-1. Both peaks have a positive correlation between UV-Vis optimization and SERS
intensity.
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intensity and noise tended to increase when the substrate had a lower UV-Vis plasmon:colloid
ratio. Note the increase in signal from 1330-1430 cm-1 for the poorer performing substrates. A
similar increase will be seen in a later figure. There is no definitive quantitative comparison to
demonstrate correlation between SERS peak intensity and UV-Vis plasmon:colloid ratios, as
each peak will have a different response, and it is difficult to quantify an anomaly like the
baseline increase seen from 1330-1430 cm-1. To briefly quantitatively demonstrate a positive
correlation between UV-Vis substrate optimization and SERS peak intensity, two peaks were
selected to indicate the relationship between SERS peak area and the UV-Vis plasmon:colloid
ratio. Both peaks have a positive correlation; 1647 cm-1 R2 = 0.89 and a linear regression slope of
0.0271, while 842 cm-1 R2 = 0.83 and slope = 0.0043. The difference in slopes is largely
attributed to the different peak areas of the two selected peaks; 842 cm -1 is a smaller peak than
1647 cm-1, and, accordingly, it will have a lower slope since its area values are less. In relative
terms, both peaks roughly double in area going from unoptimized to optimized substrates.
3.2

Initial paraquat Raman spectrum peak identification
With substrate optimization complete, paraquat reaction monitoring was carried out using

SERS. Without the SERS enhancement, no individual component of the substrate results in
visible Raman peaks, seen in Figure 3.5, as only noise is present. This also indicates no part will
cause matrix interference by itself. Paraquat at 6.5 mM had no peaks with spontaneous Raman,
demonstrating the necessity for SERS to achieve low detection limits.
3.2.1

Potential citrate interference

There was concern that citrate or SDS could have peaks on the SERS spectrum, as they
could have signal enhancement alongside the paraquat. KCl was added to the NP colloid to cause
aggregation, leading to SERS enhancement without paraquat in the substrate. Similar looking
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peaks to paraquat at 1650, 1540,
1190, and 800 cm-1 were
observed with KCl, though the
signal intensity was lower. It was
determined these peaks most
likely are from the citrate used to
make the NP colloid, as the
Figure 3.5. Baseline Raman spectra of substrate
components. No relevant peaks reach the limit of
detection of three times the background signal noise. The
increase of the baseline starting near 800 cm-1 going
down is caused by fluorescence interference and elastic
scattering and is always present to some extent. Paraquat
was sampled at 6.5 mM and SDS at 46 mM.

signal intensity increased when
excess citrate was used to initiate
aggregation compared to KCl.
These citrate peaks that align
with paraquat peaks are labeled
in Figure 3.6. Even still, these
overlapping peaks with paraquat
were of lower intensity than when
paraquat initiated aggregation.
R6G was used for aggregation as
well, and it had peaks near 1650
and 1190 cm-1 that matched the

Figure 3.6. Paraquat vs. citrate vs. R6G SERS spectra.
Different amounts of each aggregating agent were added
to achieve SERS enhancement 800 µL 1.0 mM paraquat,
50 mg citrate, and 500 µL 10 mM R6G were added
without SDS stabilizer due to spectra being gathered
immediately afterward. Wavenumber labels are for
paraquat, and * indicated citrate peaks that match the
location of a paraquat peak.
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citrate peaks in the same location.
To confirm which peaks belong to
paraquat, a spontaneous Raman
was gathered using a saturated

aqueous solution of paraquat. Figure 3.7. shows paraquat peak with labels, and it overall matches
well with the SERS spectrum of paraquat. Every major peak is present in both, and there are no
extra peaks in the SERS spectrum. The wavenumber differences are within the typical shift of up
to 30 cm-1.

Figure 3.7. Spontaneous Raman spectrum of a saturated aqueous solution of paraquat.
Five most prominent peaks are labeled, with the peak between 600 and 800 cm -1 ignored because
of the rising baseline signal making it an unreliable data point upon repeated trials.
Since both the SERS and spontaneous Raman spectrum match closely, it was assumed
any citrate or SDS background interference was negligible. However, this assumption may not
hold once paraquat reaches near complete photodegradation, as a matching citrate peak, if still
present, could begin to cause significant error.
3.2.2 Simulated Raman spectra
A predicted Raman spectrum was simulated using molecular modeling software, and this
can be compared to the paraquat SERS and spontaneous Raman spectra to then predict how well
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the simulated predicted photolysis products will match the experimental results. Figure 3.8.
shows the simulated paraquat Raman spectrum alongside methylpyridinium. Comparing the

Figure 3.8. Simulated Raman spectra for paraquat and methylpyridinium overlaid, paraquat
normalized by factor of 2.3 (all values divided by 2.3 to better fit on a single graph). Optimization
+ frequency calculations were done with a ground state DFT B3LYP method and 6311++G(2d,2p) basis set. Methylpyridinium peaks are italicized, and the five paraquat peaks
appearing to match the experimental spectra are labeled.
simulated to the experimental, the lower three wavenumber peaks match well, with an average
difference of less than 4 cm-1, but the two higher value peaks are different by 20 and 21 cm -1.
Given the difference between the paraquat SERS and spontaneous Raman wavenumbers for
those peaks also differed by 6 and 14 cm-1, it is likely the predicted methylpyridinium peak at
1624 cm-1 will be found experimentally at a significantly different wavenumber. It should not be
expected to be monitorable as paraquat degrades. However, since the lower energy vibrational
modes for paraquat were predicted much more accurately to their experimental SERS and
spontaneous Raman values, the methylpyridinium peak at 1036 cm -1 should be monitorable
because no paraquat peaks are nearby, and it should match closely with experimental results. The
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methylpyridinium peak at 784 cm-1 is too low of an intensity to be visible in that region because
of the elevated baseline present in every gathered Raman spectrum below 800 cm -1.
The simulated Raman spectrum also provides vibrational mode information, and since the
peaks matched well to the experimental spectra, these modes were assumed to be correct and are
briefly described in Table 3.3. Based on these modes, it is difficult to demonstrate a correlation
in the changes in peak area ratios between paraquat SERS and spontaneous Raman intensity and
certain types of vibrational modes. With SERS, the 840 cm-1 and 1302 cm-1 modes diminished,
while the 1250 cm-1 and 1680 cm-1 modes are enhanced when comparing peak areas to the
spontaneous Raman spectrum. Potentially, out-of-plane vibrations are hindered by the adsorption
to the NP, but more information would need to be gathered before conclusions can be drawn.
Wavenumber
(cm-1)
840
1190
1250
1302
1561
1680

Vibrational mode(s)
Symmetric ring bends
Ring C-H scissoring, Me
rocking, N-H stretching
Ring C-H scissoring
Full ring twisting/rocking
Symmetric ring bends
Asymmetric full ring
stretching

Table 3.3. Brief descriptions of simulated
vibrational modes of paraquat.

3.3 Substrate durability over time
To determine the long term stability of
the optimized substrate for SERS analysis over
multiple hours, spectra were gathered every 10
minutes for 2 hours to monitor signal decay
over time without UV radiation. The peak areas
of the largest 5 peaks of the spectrum were

plotted over time, as seen in Figure 3.9. Linear regressions were plotted for each peak are over
time, and the second largest peak, 1190 cm-1, decreased in area the most, with a 14.3% decrease
from start to finish. This was within the acceptable amount of signal decay expected for the
substrate, and the substrate was deemed stable for long-term analysis.
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3.3.1 Carbon disulfide as internal
standard
It would be useful if an internal
standard could be used to account
for any decrease in signal caused by
SERS substrate decay and any
systemic instrumental error. It could
Figure 3.9. Paraquat SERS peak areas over time
without UV radiation. SERS substrate was synthesized
under optimized conditions and was kept in a quartz
round bottom with a flow pump system used to bring
continual samples to the flow cuvette. Spectra were
gathered every minute for 120 minutes. All 120 spectra
were used as input with the five largest peaks by area
shown. Linear regressions were used for each peak
area plot to find the signal decrease over time.

also be used to make a linear
response curve, allowing for
quantitative measurements. Few
molecules could work as an internal
standard for these purposes because

the following criteria must be met: the internal standard must be very photostable, be relatively
nonvolatile, have little to no Raman peak overlap with paraquat or expected degradation
products, have a strongly Raman active vibrational mode, and be somewhat water soluble.
Accounting for natural intensity decrease from SERS substrate degradation would require the
internal standard to be enhanced by SERS alongside the paraquat, and doing this kind of
coanalytic aggregation and adsorption has not yet been demonstrated successfully. So, the
internal standard will only be able to fill the other important roles outlined above. The leading
candidate was carbon disulfide (CS2), which has only one strongly Raman active mode when
dissolved in water near 645 cm-1. As seen in Figure 3.10, no other peaks of interest are near this
wavenumber. Notably, this vibrational mode is Raman active enough to be present at high
intensity without the SERS effect, allowing for CS 2 to be added to the substrate after
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stabilization. It was found that adding CS2 at any step before stabilization resulted in deformed
paraquat peaks compared to no addition of CS2. Figure 3.10. shows paraquat spectra with the
addition of CS2 internal standard. The paraquat region (right of 650 cm-1) matches SERS spectra
gathered without the presence of CS 2 (see Figure 3.12). However, these SERS spectra have one
additional peak at 1115 cm-1 that is neither predicted by the simulated Raman spectrum nor the
spontaneous Raman spectrum. It could be a shifted vibrational mode from the simulated 1190
cm-1 peak, which in fact involved multiple overlapping modes, though this would be unexpected.

Figure 3.10. CS2 and paraquat SERS without UV radiation over time. An optimal substrate
synthesis was used with 235 µL CS2 stirred in for 30 seconds 30 seconds after addition of SDS.
Spectra were gathered every five minutes for 100 minutes with representative spectra shown per
25 minutes. Labels are shown for five characteristic paraquat peaks and the CS 2 peak.
The long term viability of the internal standard was tested by monitoring signal intensity
over 100 minutes. 0.235 mL CS2 were added to the substrate, and this was placed in the flow
cuvette system. As the volatility of CS2 was in question, Kimwipes were used to plug the
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opening of the flask around the tubing leading in and out. Shown in Figure 3.11., the 647 cm -1
CS2 peak area decreased over time, even when the other peak areas increased. These peaks
increasing is unexpected, and has two main possible causes. The first possible cause is something
the internal standard is supposed to correct for: system instrument error of slow signal drift as the
instrument becomes less reliable with prolonged use. The second is more likely, as such a drift
never occurred when CS2 was not present: as CS 2 is degraded or evaporates in some form, the
paraquat signal increases. The suppression of signal intensity would be caused by the CS 2
interfering in some way with the SERS enhancement. This would not be a major problem if the
amount of CS2 in the vessel is constant, but from the Raman spectra, it clearly is decreasing over
time. To confirm, all peak areas for the given time were normalized by the CS 2 peak, setting its
area to 1. This again indicated that the other peak areas increased over time, even more so
relative to the internal standard. Linear regressions were calculated for each peak area over time
to find the percent change from start to finish. 647 cm -1 by definition has 0% increase, 840 cm-1
has a 54.9% increase, 1191 cm-1 = 107.1% increase, 1296 cm-1 = 99.8% increase, 1535 cm-1 =
a)

b)

Figure 3.11. Peak area data for the 20 spectra from the same trial as Figure 3.10. a) The same
peaks are shown as labeled in Figure 3.10 with the peak at 647 cm -1 corresponding to CS2. b) Peak
areas with normalization by the CS2 peak (each peak area was divided by the peak area of CS 2 at
that time) to potentially control for systemic errors.
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73.6% increase, 1646 cm-1 = 80.4% increase. Ideally, normalizing by the internal standard would
have canceled out many systemic errors, and no peak areas would have increased. Further tests
were done with CS2 with the UV lamp on, and the CS2 peak area decreased even faster than with
the lamp off, nearly halving in under 20 minutes while the other peaks only decreased slightly. A
chemical burning smell could be detected after only a couple of minutes of the CS 2 under the
lamp. Furthermore, pure CS2 was placed in a beaker under the lamp, and after 15 minutes, the
liquid was much more viscous and darker in color, clearly indicating a reaction was occurring.
Based on the evidence, CS2 was removed as a potential internal standard from all future trials
because of its photolytic qualities and volatility. From the literature, two other potential
candidates were found, sodium phosphate and titanium dioxide, as the molecules have few
Raman active modes nearby paraquat. However, each had their own issue, phosphate being not
Raman active enough for peaks even at molar concentrations, and TiO 2 was not soluble enough
to mix into the substrate. It also could inadvertently cause photocatalysis of the paraquat and
invalidate kinetic results. Further investigation into an internal standard is advised, as it has the
potential to be highly useful.
3.4

Paraquat photolysis on SERS substrate
Photodegradation of paraquat under UV light was investigated. Initial use of the 300 W

power setting was reduced to the lowest possible power of 160 W, as mentioned in Chapter 1.
The substrate was pumped through the flow cuvette system, and spectra were gathered at set
intervals.
3.4.1

Paraquat SERS photolysis monitoring
A representative trial from the 12 performed is shown in Figure 3.12. Shown are SERS

spectra for every hour over 4 hours, the longest trial conducted. Peak areas visually appear to
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decrease, and this matches predictions of the substrate being slowly broken down by UV
radiation. However, it is also predicted that one or more peaks would increase in intensity over
time due to the formation of a new molecule from the degradation of paraquat. Seemingly, no
such product is detected, as all peaks decreased in signal. The plot of peak area vs. time in Figure
3.13 indicates this for the five largest peaks (labeled). Natural logs are plotted due to the wide
range in sizes of the peaks and to get a linear fit of the rate of reaction. The area near 1330-1430
cm-1, with a peak at 1418 cm-1, appears to increase in signal intensity over time. Linear
regressions for each peak area over time show a percent change from start to end of trial for 840
cm-1 to be a 72.1% decrease, 1191 cm-1 = 38.6% decrease, 1296 cm-1 = 54.0% decrease, 1535

*

Figure 3.12. Paraquat SERS spectra over time under 160 W UV radiation. An optimal method
was used to make the substrate. Spectra were gathered every 10 minutes for 240 minutes with
representative spectra shown for every hour. The “*” indicates an elevated baseline or a citrate
peak that is thought to not be related to paraquat.
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Figure 3.13. Natural log of peak areas vs. time for paraquat UV photolysis. The data is from the
same set as Figure 3.12 with all 24 spectra plotted. A trend line for each peak is shown in dark
green with a corresponding slope and R2 value.
cm-1 = 39.1% decrease, 1646 cm-1 = 34.8% decrease, and 1418 cm-1 = 9.59% increase. This
outlier is unexpected but is not increasing greatly. It could be caused by a new compound
forming, or it could be related to a similar looking increase in signal seen in Figure 3.4.a when
poorer performing substrates were probed by Raman. Perhaps the UV radiation is breaking down
the substrate, making it more similar to the to the poorly optimized substrates, and this leads to
an increase in signal. Citrate also has a broad peak around 1400 cm -1 (see Figure 3.6). It could be
that as the substrate degrades, it enhances the citrate SERS signal more in this region. It could
also not be increasing over time, as MATLAB introduces more error when trying to fit Gaussian
curves to wider, noisier peaks. In any case, to better visualize and compare the peak areas change
over time, the natural log of the peak areas was plotted as well as a linear best fit with slope and
R2. Most peak trend lines have similarly small negative slopes, but the one for 1418 cm -1 is
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positive. Again, this means that MATLAB has calculated the peak area is increasing, but the R 2
is notably low compared to the others. This indicates the peak is particularly noisy and therefore
harder to plot accurately.
3.5

Methylpyridinium SERS
With the evidence provided, the increase in signal is likely not from a new compound;

but to investigate why no degradation products were detected, methylpyridinium SERS trials
were conducted. Initially, the same amount of methylpyridinium was used as for the optimized
paraquat substrate (1000 μL, 1 mM) following the same optimized procedure as before. This led
to insufficient aggregation, as no visible color change occurred and no Raman peaks were
detected. This is likely due to the reduced ion strength from the 1+ charge of methylpyridinium
as opposed to the 2+ of paraquat. A trial with 1000µL of 8 mM and then 3000 µL 13 mM were
used in an attempt to get a visual color change indicating NP aggregation at a similar level to the
paraquat substrate. Only the most concentrated solution led to a visible change. As seen in Figure
3.14, even with multispectral averaging of five separate trials, no peaks were detected above
noise. This could be caused by multiple factors. The SERS activity of methylpyridinium is may
not be great enough for the detection limits of the instrument. Methylpyridinium may not
aggregate the NPs in a way that locates them in hot-spots of enhancement. The substrate may be
poorly optimized, and by waiting longer or using a different amount of analyte, peaks would be
detected. Given the lack of peaks, further testing will be needed to determine if
methylpyridinium formation from paraquat photolysis could be monitored with this substrate.
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3.5
Spontaneous Raman
method
Due to the low signal
intensity of unenhanced Raman
scattering, any analysis of
paraquat or methylpyridinium
without the SERS substrate
requires high concentrations.
This makes it impractical due to
Figure 3.14. Methylpyridinium SERS spectrum with five
trials averaged. Each trial was done on a separate day with
a different sample to minimize systemic instrument and
sample error. Amount of methylpyridinium iodide added
varied slightly per trial with the least being 1000 µL 10 mM
and the most being 3000 µL 13 mM. 800 µL SDS was added
8 s afterwards for every trial. An average was taken because
each individual spectrum had no identifiable peaks. So, to
increase the resolving power of the technique as much as
possible, multispectral averaging was performed to
potentially reduce noise. Baselines were first normalized
and partially linearized by subtracting the slope of the linear
regression line. This was done so one spectrum with a higher
baseline noise would not dominate the average. Spectrum
truncated at 600 cm-1 for visual clarity.

cost, health, and environmental
concerns, but it could also
change the chemistry of the
reactions occurring. Higher
concentrations tend to result in
faster reactions, and the kinetics
of the reaction would likely
change. Ecologically relevant

concentrations are in the nM range, and moving from mM to M may not be a significant change
compared to a nM concentration. But, comparisons of kinetics across these orders of magnitudes
may not be comparable.
Using spontaneous Raman for paraquat would allow for certain checks, including
identifying which SERS active peaks are from the analyte and which are from the substrate itself.
As previously discussed, the spectrum from Figure 3.7 confirmed the SERS peaks for paraquat
matched the spontaneous Raman spectrum well. Real-time reaction monitoring of spontaneous
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Raman also allows for a comparison of the photolysis trials to indicate roughly how much of the
decrease in signal from the SERS peaks should be due to the analyte degrading compared to the
substrate itself degrading. Product formation may also be tracked, but the peaks associated with
these may be very noisy due to the high S/N ratio of this method. Figure 3.15. shows a trial of
spontaneous Raman monitoring a saturated solution of paraquat in DIW, which is about 2.7 M at
20° C, under the same UV source as the SERS trials across 315 minutes. The labeled peaks
decreased in intensity over time, and their areas are plotted in Figure 3.16. If these peaks
decreasing is assumed to be only from the photolysis of paraquat, a comparison of their rate of
decrease can be made to the SERS trials to determine roughly how much of the SERS signal
decrease is caused by paraquat photolysis.

Figure 3.15. Spontaneous Raman plot of paraquat spectra under UV vs. time. Five largest peaks
are labeled as well as two anomalies (“*” at 1024 cm-1 and “^” at 1060 cm-1) Spectra were gathered
every 35 minutes for 315 minutes, and a select four are shown. Paraquat had a concentration of
around 2.7 M (aqueous), as a saturated solution was made at 20° C.
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divided by the average peak area to get a relative decrease for each peak. The values for these
can be seen in Table 3.4. for both a SERS trial and a spontaneous Raman trial. Dividing the
relative peak decrease for a SERS peak by the relative decrease for that peak in the spontaneous
trial gives a ratio of how much that SERS decrease in signal was contributed by paraquat
photolysis. These are tabulated in Figure 3.4., and the peaks near 840 cm -1 and 1535 cm-1 seem
to be outliers. The 840 cm-1 peak in fact decreased more in the spontaneous Raman trial
compared to SERS, which is unexpected and is the only peak to show this. No reason to cause
this besides instrumental error is known. The peak near 1540 cm -1 decreased very little in the
spontaneous Raman trial, leading to the SERS peak decreasing much more in comparison. Not
considering these two peaks, since they do not appear to be representative of the substrate as a
whole, the average SERS/spontaneous relative decrease ratio is 28.6%. This means that, based
on this method of data analysis, about 30% of the decrease in SERS signal intensities over time
is caused directly by the reaction of paraquat, and the other 70% of signal decrease is caused by
something else (likely substrate degradation). This quantitative result is a general estimate, and
more controls would need to be in place to achieve more accurate results. Controlling for the rate
of reaction changing based on concentration, having a larger sample size, and perhaps using a
more intensive statistical method would allow for a more reliable measure of substrate
degradation.
Spontaneous Raman can potentially suggest reaction products being formed. This is
unrelatable because the spectrum as a whole has a higher S/N ratio compared to SERS spectra.
Figure 3.15. does seem to indicate products are possibly being detected, as peaks seem to appear
over time near 1024 cm-1 (*) and 1060 cm-1 (^). The peaks are broad and noisy, meaning plotting
their areas is difficult. However, MATLAB had an acceptably low error when plotting the
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potential peak at 1060 cm-1, and this is shown in Figure 3.16. It only begins to meaningfully
increase after 200 minutes; assuming this peak is due to product formation, this indicates it forms
slowly. Many SERS trials were only conducted out to around this time; longer trials should be
done in the future. The location of these peaks should be noted to correspond to around where
methylpyridinium was predicted to have a strong peak (1036 cm -1). Because the peak formed by
spontaneous Raman is broad, it is difficult to discern if it is one wide peak or multiple peaks. If
multiple, it may mean multiple products have peaks in this region. Ideally, the SERS substrate
would be better able to resolve these peaks to differentiate products being formed.
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Chapter IV: Conclusions
The SERS spectra collected of paraquat under UV did not suggest peaks corresponding to
product formation. As this research is ongoing, future experiments and considerations can be
made to improve results and detect and monitor product formation using the SERS substrate.
4.1

Project results
Analyte aggregation of Au NPs with surfactant stabilization proved a reliable method to

form a stable SERS substrate for paraquat in the mM domain. Optimization, particularly of time
allowed for aggregation, is important to allow for lower S/N ratios, better peak resolution, and
overall stability. If a different analyte or analyte concentration is desired, changes to synthesis
procedures should be made. The substrate was stable enough under intense UV light for multihour reaction monitoring, though it degraded faster than the analyte itself when compared to
spontaneous Raman photolysis.
Real time paraquat photodegradation into methylpyridinium or other product was not
observed with the SERS substrate because no peak areas increased over time. This could be due
to many factors, but two likely causes are the low Raman activity of predicted products or the
lack of those products in the substrate hot-spots.
The use of an internal standard to gather more quantitative data was not successful, as the
leading candidate carbon disulfide was not stable enough over time. Due to the demanding
requirements, few chemicals could function in this role, and further research is needed to
determine other likely candidates.
4.2

Future work
As spontaneous Raman seemed to indicate product formation near the predicted Raman

shift of potential products of the degradation of paraquat, but only after two hours, longer trials
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over four hours should be done, as this is a simple first step. This will lead to further substrate
degradation as well, and this should be monitored to determine if the substrate is stable enough
over these time-lengths as well. It may be necessary to lower the intensity of the UV light source
used. Compared to other experiments from literature investigating paraquat photolysis, much
lower intensity UV sources were used, though they were using photocatalysts. 75,76 The high
intensity may have resulted in the less stable degradation products reacting too quickly to be
detected. A lower intensity may allow them to accumulate enough to be detected.
Methylpyridinium should be monitored either with spontaneous Raman or SERS to
compare the simulated peaks to the actual, as was done with paraquat. Resolving
methylpyridinium peaks with the SERS substrate would also demonstrate that it can be
monitored using this method. Optimization or higher concentrations may be required to have
Raman peaks form.
Though not real-time monitoring (so kinetics and some other information will be lost), an
end state analysis of products formed from paraquat photolysis would allow for determination of
methylpyridinium, monoquat, or other predicted products. It could also indicate quantitatively
how much of paraquat degraded. This quantitative measure could also be done with the Raman
instrument using a calibration curve; but changing the concentration of the analyte would also
change the substrate, meaning this method would require much further development. An LC-MS
instrument could provide the necessary information, and it is a mature, industry standard method.
Knowledge of products formed and time required would be invaluable for evaluating future steps
to consider with SERS monitoring.
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